Whole-genome sequencing is a useful approach for identification of chemical-induced lesions, but previous applications involved tedious genetic mapping to pinpoint the causative mutations. We propose that saturation mutagenesis under low mutagenic loads, followed by whole-genome sequencing, should allow direct implication of genes by identifying multiple independent alleles of each relevant gene. We tested the hypothesis by performing three genetic screens with chemical mutagenesis in the social soil amoeba Dictyostelium discoideum. Through genome sequencing, we successfully identified mutant genes with multiple alleles in near-saturation screens, including resistance to intense illumination and strong suppressors of defects in an allorecognition pathway. We tested the causality of the mutations by comparison to published data and by direct complementation tests, finding both dominant and recessive causative mutations. Therefore, our strategy provides a cost-and time-efficient approach to gene discovery by integrating chemical mutagenesis and whole-genome sequencing. The method should be applicable to many microbial systems, and it is expected to revolutionize the field of functional genomics in Dictyostelium by greatly expanding the mutation spectrum relative to other common mutagenesis methods.
The social amoeba, Dictyostelium discoideum, is a eukaryote that grows as a unicellular organism and develops as a multicellular organism. It is used in a wide array of biomedical and basic biology research (Annesley and Fisher 2009; Williams 2010) . Early genetic studies in Dictyostelium utilized chemical mutagens or UV irradiation to generate mutants. Although it is possible to map causative mutations to linkage groups by parasexual genetics, most of the target genes have not been identified because recombination is very limited under these conditions (Loomis 1987) . Restriction enzyme-mediated integration (REMI) mutagenesis, which allows researchers to tag and clone the target genes in forward genetic screens, replaced chemical mutagenesis in the 1990s (Kuspa and Loomis 1992) . Since then, REMI has been the workhorse of gene discovery in Dictyostelium. Other techniques, including gene silencing by antisense RNA (Spann et al. 1996) and by RNA interference (RNAi) (Kuhlmann et al. 2006) , have been developed, too, but they are not commonly used in Dictyostelium research.
We wanted to resurrect the use of chemical mutagenesis and integrate it with whole-genome sequencing in forward genetic screens for three major reasons. First, chemical mutagenesis generates a broad spectrum of mutant alleles. The mutations can generate gain-of-function, temperature sensitive, and null alleles. They can also generate subtle variations that would facilitate the study of protein structure and function (Loomis 1987) . Secondly, Dictyostelium has a very gene-rich, haploid genome of 34 Mb (Eichinger et al. 2005) , which is readily amenable to high-throughput sequencing technologies, especially with the low cost afforded by sample multiplexing. Lastly, we found that REMI suppressors are rare and weak in previous screens for suppressors of the tgrC1-defective phenotypes (Li et al. 2015; Wang and Shaulsky 2015) , and we wanted a method that would generate a variety of stronger suppressor mutations.
The major challenge in chemical mutagenesis stems from the large number of mutations induced per genome, which requires implementation of tedious genetic mapping techniques to locate the causative mutation to a defined genomic region (Sarin et al. 2008; Haelterman et al. 2014) . Here, we report on a method for identification of chemical-induced mutations in Dictyostelium. First, we limited the number of mutations per genome by titrating the dose of the chemical mutagen. Next, we identified multiple mutant strains with common phenotypes. We then utilized sample multiplexing to reduce the whole-genome sequencing costs and developed a data analysis pipeline to identify, filter, and annotate mutations at a genomic scale. We implicated the target genes by recovering multiple mutant alleles and successfully identified and validated the causative mutations, thereby bypassing the need for genetic mapping. This chemical mutagenesis-based gene discovery pipeline is a significant addition to Dictyostelium genetics and is additionally applicable to other organisms.
Results

Genetic screens with chemical mutagenesis span a wide range of relevant target sizes
We performed genetic screens to test the limits of the system, one in which the number of possible genes (relevant target size) was small and one in which it was large. We induced mutations by exposing Dictyostelium cells to N-methyl-N ′ -nitro-N-nitrosoguanidine (NTG). In the first screen, we selected for resistance to lightinduced cell death. The predicted targets were genes that encode biosynthetic components of light-sensitive chromophores (e.g., flavins and porphyrins) (Godley et al. 2005 ), so we presumed a small target size even though this phenotype has not been investigated in Dictyostelium before. Figure 1A shows that wild-type cells grow well on bacteria in the dark but fail to grow under intense illumination. We isolated six mutants (four shown, Fig. 1A ) that grow both in the dark and under intense light. The mutants grow slightly better in the dark, suggesting that the mutations do not completely protect them from the lethal effects of intense light.
In the second set of experiments, we performed a screen for an aggregation-less phenotype. Dictyostelium aggregation has been studied extensively, and the networks that regulate it contain 100-150 genes (Swaney et al. 2010 ), a rather large relevant target size. When amoebae grow on bacteria, they consume the bacteria and grow outwardly, forming an expanding circular plaque in the bacterial lawns around them. Cells in the center of the plaque starve as the bacteria are consumed, while cells at the edge of the plaque continue to grow. Starving wild-type cells then aggregate and develop into fruiting bodies (Fig. 1B) . We isolated 14 mutants (five shown, Fig. 1B ) that grew and cleared the bacterial lawns but remained flat even upon prolonged starvation, indicating failure to aggregate.
In the third set of experiments, we sought genes in a novel pathway, combining a selection with a visual screen for suppression of the tgrB1-C1 mismatch phenotypes. TgrB1 and TgrC1 are cell-surface adhesion proteins that form heterophilic interactions in trans (Chen et al. 2013 ). Cells carrying a mismatched allelic pair of the tgrB1 and tgrC1 genes exhibit impaired cell-cell recognition and are unable to complete development (Benabentos et al. 2009; Hirose et al. 2011 Hirose et al. , 2015 . The tgrB1 AX4 tgrC1 QS38 cells carry a mismatched pair of alleles, so their development is arrested at the loose mound stage and they do not form spores ( Fig. 1C ; Hirose et al. 2011) . Previous REMI mutagenesis screens yielded small numbers of weak suppressors (Li et al. 2015; Wang and Shaulsky 2015) , so we did not know if it was even possible to generate strong suppressors, let alone the relevant target size. We mutated these cells, allowed the population to develop, and selected for spores by detergent treatment. We plated the survivors at low density on nutrient agar in association with bacteria and screened for mutants that formed fruiting bodies. We recovered 63 mutants that fulfilled these criteria (five shown, Fig. 1C ), indicating that it is possible to obtain a large number of strong suppressors of the tgrB1-C1 mismatch phenotype. The three genetic screens verify previous reports that chemical mutagenesis can be used for identification of aggregation-less mutants (Williams and Newell 1976) and show that new phenotypes can be detected as well.
Low levels of chemical mutagenesis produce enough mutants for screening
We wanted to find conditions that would produce enough mutant strains for screening and selection while keeping a low number of mutations in each genome. Previous studies used conditions that resulted in low survival rates (Loomis 1987) . It is hard to evaluate the number of mutations in each genome in those studies, but it was estimated at several hundred to several thousand. To evaluate the relationship between the number of mutations per genome and the number of mutants in the population, we measured the relationship between the duration of NTG treatment and the survival rate, as well as the relationship between survival rate and frequency of mutants with defined phenotypes. We found that survival was inversely correlated with the duration of NTG treatment (Fig. 1D) and that the frequency of mutants was inversely correlated with survival (Fig. 1E) . We also found that it is possible to generate enough mutants for selections and screens even with high survival rates, suggesting that it would be possible to identify the causative mutations by whole-genome sequencing.
Whole-genome sequencing reveals a small number of variants per genome ) and the 83 mutants found in the three screens. We multiplexed the samples for cost effectiveness such that 16-24 strains were grouped in each sequencing lane. We obtained 15.8 ± 3.6 (mean ± standard deviation [SD]) million reads per genome and were able to map 99% of the reads to the reference genome with a mean fold-coverage of 19.4 ± 5.2 (mean ± SD) over the entire genome. The coverage of individual chromosomes is shown in Supplemental Figure S1A . To identify mutations, we performed multisample variant calling on single nucleotide variants (SNVs) and indels (McKenna et al. 2010) . To remove false positive variants, we imposed three filters: read depth, allele frequency, and pre-existing variations in the parental strain. These filters removed 99% of the raw SNVs and indels (Table 1) , leaving 16.3-29.7 SNVs and 0.1-1.0 indels per genome. The number of variants per genome was negatively correlated with survival ( Fig. 2A) . More specifically, survival rates of 30%, 10%, and 0.1% corresponded to an average of 13, 21, and 34 variants per genome, respectively. Since ∼30% of the entire genome and ∼10% of the coding exons did not pass the read depth filter and were therefore excluded from SNP calling (Supplemental Fig.  S1B ), we probably underestimated the number of NTG-induced mutations per genome. Nevertheless, this relatively small number of mutations per genome suggested that it would be possible to identify causative mutations by comparing the genome sequences of strains with similar phenotypes. Figure 2A also shows a diminishing returns relationship between survival and the number of variants per genome, suggesting that reducing the survival rate to 0.1% or below does not contribute significantly to mutant discovery.
Most SNVs cause missense mutations
Most of the NTG-induced SNVs we found are G > A or T > C transitions (G > A:T > C ratio = 19:1), consistent with the mutagenic action of NTG ( Fig. 2B ; Lucchesi et al. 1986; Ohta 2000) . We classified the SNVs into eight categories (Fig. 2C) . The majority of SNVs occurred in coding exons, which is expected because coding exons contain 71.7% of the G-C base pairs in the Dictyostelium genome (Eichinger et al. 2005) . Statistical testing indicates significant enrichment of exonic mutations in two experiments (exact binomial test: 77.4% of the 416 SNVs in the aggregation defects experiment, P value < 0.01; 86.5% of the 1253 SNVs in the suppression of tgrC1-B1 mismatch experiment, P value < 0.001). Moreover, the Dictyostelium codon usage bias predicts that 76.6% of the exonic G > A transitions would result in missense mutations. Indeed, our results show that the predominant type of exonic mutations is missense, with significant enrichment in two experiments (exact binomial test: 82.0% of the 322 exonic mutations in the aggregation defects experiment, P value = 0.02; 82.0% of the 1084 exonic mutations in the suppression of tgrC1-B1 mismatch experiment, P value < 0.001). Nonsense mutations occurred at 3.2%-7.1%, with a frequent occurrence in the glutamine codon (CAA > TAA, 60%). Figure 3 shows the locations of the mutations, suggesting that NTG-induced mutations are randomly distributed throughout the genome (Kolmogorov-Smirnov test for uniformity: light resistance, P value = 0.2314; aggregation defects, P value = 0.2545; suppression of tgrC1-B1 mismatch, P value = 0.1757).
We conclude that NTG-induced mutations are distributed nearly randomly throughout the genome and are most likely to modify protein-coding genes.
Multiple mutations in the ALA synthase gene, hemA, in light-resistant mutants
To identify phenotype-causing mutations, we looked for genes that were mutated independently in multiple strains with common phenotypes. We recovered six light-resistant strains ( Table  1 ) and found that hemA was mutated independently in four of QS38 (n = 4). (E) We measured the frequency (%, y-axis) of mutants with the desired phenotypes and plotted against the negative logarithm of survival (%, x-axis) in the genetic screens for aggregation defects (n = 5) and for suppression of the tgrB1-tgrC1 mismatch phenotype (n = 2). Table S1 ). None of the other genes mutated in this screen was common to two or more strains. hemA encodes the D. discoideum 5-aminolevulinate (ALA) synthase. ALA is a precursor in heme biosynthesis (Ajioka et al. 2006 ) and intense illumination damages cells by causing ALA-induced porphyrin accumulation and intra-cellular ROS production (Godley et al. 2005) . ALA is photosensitive and its derivatives are used as photosensitizers in photodynamic therapy (Dolmans et al. 2003) . Our finding of multiple mutations only in hemA and the known role of ALA in photosensitivity implicate the mutations in hemA as the cause of the light-resistance phenotype. The two strains that do not carry mutations in hemA suggest that other genes are also involved. Most importantly, these results demonstrate that we can reach near-saturation and identify recurrent mutations in a genetic screen over a small relevant target size.
Known aggregation genes found in a screen for aggregation defects
Dictyostelium aggregation involves more than 110 genes (Swaney et al. 2010 ), so we did not expect to reach saturation with only 14 mutants (Table 1) . Nevertheless, we did expect to find mutations in some of the known genes among the aggregation-less mutants. Indeed, we identified one variant each in 13 aggregation-related genes (Supplemental Table S1 ). We also identified two or more variants each in five other genes (tor, splA, DDB_G0275861, DDB_G0283339, and DDB_G0283893) ( Fig. 3 ; Supplemental Table S1 ). Only one of them, tor, has been previously implicated in aggregation (Lee et al. 2005; Swaney et al. 2010 ). Among the other four genes, splA and DDB_G0283893 are likely false positives. splA is dispensable for aggregation (Nuckolls et al. 1996) , and the two mutant strains that carry splA mutations also harbor mutations in known aggregation-related genes that could account for the observed phenotypes. Moreover, as larger genes are more likely to be mutated at random, a statistical test indicates that the two mutations in DDB_G0283893 were likely to occur by chance (binomial distribution, P value = 0.058). In summary, we identified 14 known aggregation-related genes in the screen for aggregation defects, supporting our expectation and suggesting that it is possible to identify recurrent mutations in a genetic screen over a large relevant target size. If we were studying an unknown pathway, we would need to achieve saturation to identify most of the genes, but even our limited screen has implicated two new genes as potential aggregation-related genes.
Multiple alleles reveal 13 suppressors of the tgrB1-C1 mismatch phenotype
We recovered 63 mutants that suppressed the morphological and sporulation defects of the tgrB1-C1 mismatch phenotype (Table 1) . Many of the mutants were nearly indistinguishable from the wild type (Fig. 4A) . The sequencing results revealed 79 genes that were mutated ≥2 times. Gene Ontology (GO) enrichment analysis of these genes suggests that six (htt, lmpB, lysA, talA, tgrB1, and rapgapB) are involved in cell-cell adhesion (P value = 0.0001, FDR = 0.0265). Thirteen genes were mutated ≥3 times ( Fig. 3 ; Supplemental Table S1 ). Indeed, we identified 19 mutations in rapgapB and nine mutations in tgrB1, suggesting that our screen has been carried to near-saturation. These results suggest that our 
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is useful in implicating genes in a genetic screen over a moderate relevant target size.
So far, we have relied on multiple alleles and on published results to validate our screen results. The highest numbers of alleles were found in rapgapB and tgrB1, and we know that TgrB1 and TgrC1 interact to regulate development (Hirose et al. 2015) and that rapgapB encodes a RapA GTPase regulatory protein B that regulates cell-cell and cell-substrate adhesion (Parkinson et al. 2009 ). This knowledge and the availability of molecular tools allowed us to perform direct causality tests of these mutations.
Lack of correlation between mutations and fine morphological phenotypes
We hypothesized that the mutants' morphological phenotypes would be instructive in analyzing the underlying mutations. We therefore analyzed the morphologies of 25 tgrB1-C1-mismatchsuppressor strains at seven time points over 36 h of development. The genotypes and phenotypes did not seem to correlate when visualized by multidimensional scaling (Supplemental Fig. S2) , and analysis by multiple linear regressions found no significant association either (mutations in rapgapB, P value = 0.3128; mutations in tgrB1, P value = 0.5462; mutations in any of the 13 suppressor genes, P value = 0.0920). We conclude that fine morphological phenotyping did not help to group mutants with similar suppressor mutations in this context.
Dominant causative mutations in tgrB1
Most of the mutations in tgrB1 restored sporulation efficiency to near wild-type levels (Fig. 4A) . Two mutant alleles, tgrB1 G275D and tgrB1
G307D
, independently arose twice and three times, respectively, in our screen (Supplemental Table S1 ). Both mutations (G275D and G307D) occurred in the invariable part of the first immunoglobulin-like domain in the extracellular region of the TgrB1 protein (Fig. 4B) . We hypothesized that tgrB1 G275D and tgrB1
are gain-of-function alleles because deletion of tgrB1 confers only weak suppression of the sporulation defect in tgrC1 − cells (Benabentos et al. 2009 ). We therefore tested whether expressing tgrB1 G275D or tgrB1 G307D driven by the native tgrB1 promoter would suppress the phenotypic defects of three mutants: the parental mismatch strain tgrB1 AX4 tgrC1
QS38
, the single-gene deletion strain tgrC1 − , and the double-gene deletion strain tgrB1 Fig. 4C) . We found that transformation with either of the two mutant tgrB1 alleles strongly suppressed the sporulation defects, whereas the wild-type allele tgrB1
WT did not (Fig. 4C) . These results suggest that the G275D and G307D mutations in tgrB1 were indeed the causative mutations in the original strains and that both alleles are dominant.
Recessive causative mutations in rapgapB
To characterize the rapgapB alleles, we tried to complement the original suppressor mutant strains by transformation with wildtype rapgapB. We transformed the rapgapB WT allele, driven by its native promoter, into mutants carrying the mutated rapgapB (Fig. 5A,B) . We grew the transformants in association with bacteria on nutrient agar and counted plaques that lost the suppression phenotype (Fig. 5B) . We found that the majority of plaques in NTG82 (70%, rapgapB
M1I
) and NTG14 (90%, rapgapB
G382D
) exhibited a loose-aggregate phenotype, which is the tgrB1-C1 mismatch phenotype. This finding indicates that M1I and G382D are recessive causative mutations of the phenotypic suppression. In contrast, transformation with rapgapB WT did not affect the suppression phenotype of NTG09 (0%, rapgapB G191D ) and NTG64 (0%, rapgapB Q44 * ) (Fig. 5B) . A likely explanation is that these two variants are dominant causative alleles, but it is possible that other mutations in these genomes caused the phenotypic suppression. Altogether, the genetic analyses of tgrB1 and rapgapB support the hypothesis that multiple independent alleles implicate specific genes in this type of genetic screen. They also illustrate the power of the method to generate a broad spectrum of mutations.
Discussion
Our findings show that chemical mutagenesis followed by wholegenome sequencing can reveal a broad spectrum of causative mutations in genetic screens. The key technical feature is the low level of mutagenesis, with 10%-50% survival and 20-30 SNVs per genome. The key conceptual feature is the implication of a single common gene by multiple independent mutations. Mutations outside of the implicated gene help to distinguish independent mutants from siblings. We used complementation with expression vectors to validate our conclusions. This step is not necessary in future screens, but complementation is a useful tool for analyzing the genetic nature of the mutated alleles. The circular plot summarizes the distribution of chemically induced mutations in the six chromosomal (Chr 1-6), mitochondrial (M), and ribosomal (R) DNAs. Colored bars on the three concentric circles represent the mutations found in the three genetic screens as indicated in the legend: suppression of the tgrB1-C1 mismatch (blue, n = 63 strains), aggregation defects (green, n = 14 strains), and light resistance (orange, n = 6 strains). The candidate genes in the individual screens are labeled inside the respective circles, and the black lines indicate their chromosomal positions. Abbreviations: g1, DDB_G0270488; g2, DDB_G0271904; g3, DDB_G0273247; g4, DDB_G0273385; g5, DDB_G0277749; g6, DDB_G0277997; g7, DDB_G0285705; g8, DDB_G0275861; g9, DDB_G0283339; g10, DDB_G0283893. The yellow sector (around 3 o'clock) indicates the second copy of the Chromosome 2 duplication (Chr 2: 3016083…3768654), which was masked during the alignment of sequencing reads. The full list of mutations is detailed in Supplemental Data 1-3 and the candidate genes in Supplemental Table  S1 . The scale outside the circles shows positions in million base pairs (Mb).
Previous chemical mutagenesis studies were done mostly at high levels of mutagenesis and at ∼0.1% survival. These rates were interpreted as an indication that mutagenesis resulted in an average of seven lethal hits per genome (Loomis 1978 (Loomis , 1987 . We have observed a diminishing returns relationship between the killing rate and the number of SNVs per genome, suggesting that lethality in previous studies was compounded by toxicity. Regardless, the conditions we used are suitable for large-scale screens. With 20 genic mutations per genome, the odds of mutating any one of the 12,000 genes in one Dictyostelium genome are 1:600. A typical mutagenesis reaction produces approximately 10 7 mutants, enough to saturate almost any gene. Remarkably, the number of SNVs per genome is rather homogeneous, which makes the downstream analysis rather convenient. High-throughput sequencing was not available in the 1970s, and genetic mapping in Dictyostelium is difficult, so most mutations were never characterized in molecular detail. The presumed large number of mutations per genome also resulted in confounding effects, with a 50% chance that secondary mutations affected the studied phenotype (Loomis 1987) . Therefore, researchers had to perform genetic crosses and to study several mutants in order to associate genotypes with phenotypes (Newell 1978) . Here, we implicated genes by identifying multiple independent alleles in genome sequencing data without genetic mapping. Another observation in previous studies was that most mutations were recessive (Loomis 1987) . Our findings indicate that chemical mutagenesis produces dominant alleles as well.
Some analyses of chemical mutagenesis data were based on the assumption that mutations occur at random (Loomis 1987) . These analyses were remarkably accurate despite our finding that NTG mutagenesis is biased toward exons of coding genes. This bias is a combined result of the skewed nucleotide content of the Dictyostelium genome (Eichinger et al. 2005 ) and the preference of NTG to alkylate guanine residues (Ohta 2000) . Nevertheless, NTG mutagenesis seems to be unbiased at the genome level, as all the genes appear to be equally susceptible. The bias to coding exons is convenient because mutations in these sequences are somewhat simpler to interpret. Compared to other mutagenesis methods, such as REMI (Kuspa and Loomis 1992) , antisense RNA (Spann et al. 1996) , and RNA interference (Kuhlmann et al. 2006) , our method provides a broader spectrum of mutations and opens the field to exploration of modifications that are not necessarily null or loss-of-function mutations. For example, NTG mutagenesis can generate temperature sensitive alleles (Loomis 1969; Liwerant and Pereira Da Silva 1975) , and we found strong suppressors of the tgrB1-tgrC1 mismatch phenotype, which were not found by REMI screens (Li et al. 2015; Wang and Shaulsky 2015) . Some mutations, such as the dominant alleles of tgrB1, cannot be produced by REMI. The mutation spectrum could be broadened further by using UV irradiation and other chemicals that have been tested in Dictyostelium (Liwerant and Pereira Da Silva 1975) . According to the central repository of Dictyostelium genomic data (dictyBase, April 2016 [Fey et al. 2013] ), ∼11% of the Dictyostelium genes have been mutated by REMI or by methods such as homologous recombination. Most of these mutations conferred loss-of-function. Using the method described here is expected to increase the number of mutated genes and the variety of available mutations, opening the field of functional genomics in Dictyostelium to new exploration.
Important considerations in genetic screens are the relevant target size and saturation. Target size is a function of the number of genes that participate in a biological process and the size of each gene. We tested our method on three phenotypes: Resistance to light was presumed to have a small target size (approximately 1-5 genes), defective aggregation was known to have a large target size (approximately 100 genes), and suppression of the tgrB1-tgrC1 mismatch had an unknown target size that turned out to be in the middle (approximately 10-20 genes). As expected, saturation was achieved in the small and middle size screens and not in the large size one. Our method relies on saturation because we can only implicate genes that are independently mutated several times. There is no theoretical way to predict the relevant target size, but chemical mutagenesis can be used to , as indicated on the bottom). We allowed the cells to develop and measured their sporulation efficiencies as the proportion of cells (%) that formed spores (y-axis). Bars represent the means ± SD of four independent replicates. Welch's unequal variances t-test (two-tailed): ( * ) P value < 0.05; ( * * ) P value < 0.01; ( * * * ) P value < 0.005. estimate the number of genes required in any biological process (Loomis 1987) .
In terms of cost and efficiency, our method relies on economies of scale. Generating mutants is inexpensive and fast, whereas the screen or selection phase depends on the experimental design. In the sequencing phase, we used 16-to 24-fold multiplexing, generating an average of 20-fold sequence coverage. We discovered ∼90% of the mutations in the coding regions in our screens (Supplemental Fig. S1B ), and we estimate that doubling the multiplexing would allow discovery of ∼80%. This compromise may be acceptable depending on the application. The commercial cost of sequencing in the United States on January 2016 was roughly $2500-$4000 per lane. This cost can be considerably lower through institutional core services, and it is likely to decline in the future. We note that next-generation sequencing data management and analysis can be expensive, too, but the cost can be reduced through use of shared institutional resources or public free cloud platforms, such as Galaxy (https://usegalaxy.org). Our method is therefore accessible to laboratories with modest budgets.
The large number of mutants generated by NTG mutagenesis and the advantage of working with a microbial system makes the method applicable to genetic screens as well as selections. Each approach has advantages and disadvantages (Shuman and Silhavy 2003) , but our findings indicate that either approach, or a combination thereof, can be used. Genetic suppression is a powerful tool in Dictyostelium (Shaulsky et al. 1996) , and our method is suitable for this type of investigation as well. More importantly, the ease of NTG mutagenesis makes it applicable to nonaxenic strains (Loomis 1987) , where transformation-based methods are possible but somewhat difficult (Veltman et al. 2014) . Our method could also be readily adapted to any haploid organism with a small, sequenced genome, including many amoebae, fungi, and bacteria.
Methods
Genetic screens by chemical mutagenesis
We performed chemical mutagenesis as described (Loomis 1987 ) with minor modifications. The stock solution of N-methyl-N ′ -nitro-N-nitrosoguanidine (NTG, Pfaltz&Bauer) was prepared in DMSO at 10 mg/mL and stored as 100 µL aliquots for one-time use at −80°C. We harvested exponentially growing Dictyostelium cells and washed once with KK2 buffer (16.3 mM KH 2 PO 4 and 3.7 mM K 2 HPO 4 ). We mutagenized 10 8 cells in 1 mL of KK2 buffer containing 500 µg/mL of NTG for 10, 20, 30, 40, or 60 min. Afterward, we collected the cells by centrifugation at 500g for 30 sec and resuspended in 10 mL HL5 medium. We estimated the survival rate by plating 100 to 10,000 cells on SM plates in association with Klebsiella aerogenes. We plated the rest of the mutagenized cells on SM plates with bacteria at a density of 10 3 to 10 7 cells per 10-cm plate. For aggregation defects, we inspected plaques under a stereomicroscope for strains that did not form streams and mounds. For light resistance, we selected for mutagenized AX4 cells that grew and developed under constant exposure to 5000 to 10,000 lux of light (Mastech light meter) illuminated with compact fluorescent light (CFL) bulbs (GE 100-Watt daylight 6500K). Ten separate pools of 10 6 mutagenized cells were selected in this case, and we isolated only one stable mutant from each population to avoid siblings. For the suppression of the tgrB1-C1 mismatch, we grew mutagenized tgrB1 AX4 tgrC1 QS38 cells on SM plates with bacteria and allowed them to develop for 3 d after clearing the plate. We collected the cells and treated them with detergent (0.1% NP-40 and 10 mM EDTA) to kill nonspore cells. We plated the surviving spores on fresh SM plates with bacteria, followed by screening for fruiting body-forming plaques.
Genomic DNA sequencing
We prepared genomic DNA (gDNA) as described . Briefly, we harvested 10 8 -10 9 cells grown in HL5 medium, followed by washing once with KK2 buffer. We lysed the cells in 10 mL of nuclei buffer (40 mM Tris-HCl pH 7.8, 1.5% sucrose, 0.1 mM EDTA, 6 mM MgCl 2 , 40 mM KCl, 5 mM DTT, and 0.4% NP40) on ice for 10 min. We collected the nuclei by centrifuging at 20,000g for 10 min. We incubated the nuclei in 500 µL of STE/SDS/Protease K solution (450 µL STE solution [10 mM TrisHCl pH 8.0, 10 mM EDTA, and 400 mM NaCl], 25 µL 20% SDS, 15 µL ddH 2 O, and 10 µL of 10 mg/mL Proteinase K) at 60°C for 1 h. We performed phenol/chloroform extraction and ethanol precipitation and repeated the process once more after treating the gDNA with RNase A. For library preparation, we sheared 1 µg of gDNA in 100 µL of ddH 2 O in a Covaris microTUBE (#520052) by Covaris S220 Focused-ultrasonicator (60 sec, 10% duty cycle, 200 cycles per burst, 14W acoustic power, 7°C). The rest of the library ) into chemically mutagenized strains carrying the indicated rapgapB mutations. We grew the transformants in association with bacteria on nutrient agar and measured the proportion of colonies that lost the suppression phenotype (%, red text). We photographed the morphology of the mutants with or without the rapgapB WT expression construct, as indicated below the line of each panel. The names of the individual strains (NTG#) and the respective rapgapB mutations are indicated above the line in each panel. Insets are magnified (3×). Scale bar = 1 mm. preparation was performed as described for cDNA library preparation (Miranda et al. 2013) . We quantified individual gDNA libraries by quantitative PCR to determine the PCR cycle number for enriching and barcoding with indexing primers (Meyer and Kircher 2010; Miranda et al. 2013 ). We multiplexed 16-24 barcoded samples on one lane for 100-bp paired-end sequencing on the Illumina HiSeq 2000 platform.
Sequence read alignment and variant detection
We demultiplexed the sequencing reads based on the barcodes and mapped the processed reads to the reference Dictyostelium AX4 genome by the BWA-MEM (Li and Durbin 2009) algorithm (version 0.7.5a) using default parameters. For all of the analyses, we masked one copy of the 750-kb duplication on Chromosome 2 (position 3016083 to 3768654) in the reference genome (Eichinger et al. 2005) . For strains carrying the foreign tgrC1 QS38 allele, we replaced the tgrC1 AX4 allele with the tgrC1 QS38 allele in the reference genome. After read alignment, we used Picard tools (version 1.119) to mark and remove duplicates (paired-end reads that carried identical sequence information and most likely arose at the indexing PCR step of the library preparation). We evaluated the quality statistics of the mapped reads with Qualimap (version 2.1.1) (García-Alcalde et al. 2012 ). Subsequently, we detected single nucleotide variants and indels by performing multisample variant calling with the Genome Analysis Toolkit's Unified Genotyper (GATK version 3.4-46) (McKenna et al. 2010) . In variant calling, we considered the duplication on Chromosome 2 as a diploid genome and the rest of the chromosomal regions as a haploid genome. All of the raw reads, aligned reads, and VCF files can be accessed on dictyExpress (https://dictyexpress.research.bcm.edu/genboard/ #/chemical-mutagenesis/). We created the circular plot in Figure  3 with the R package OmicCircos (Hu et al. 2014 ).
Filtering variants
We applied several filters to the raw SNVs and indels called by GATK. First, a locus must be covered by at least five sequencing reads. Secondly, a locus in the haploid Dictyostelium genome can only carry one allele at a time. We considered an allele at a given locus to be the one supported by ≥80% of the reads. If there was no allele that passed the threshold, we discarded the locus. Third, a locus on the Chromosome 2 duplication can carry two alleles. We considered the locus to be heterozygous if the two alleles were both supported by 40% to 60% of the reads. Lastly, we filtered the variants detected in the chemically mutagenized strains against the pre-existing variants in the relevant parental strain. The full list of filtered variants in this study is summarized in Supplemental Data 1-3. R codes for variant filtering can be found on the GitHub repository (https://github.com/chenglinli/ chemical_mutagenesis) and in Supplemental File 1.
Genetic constructs
To construct the rapgapB WT expression vector, we PCR-amplified a 3-kb DNA fragment including the rapgapB gene (1.6 kb), 5 ′ promoter region (0.8 kb), and 3 ′ region (0.6 kb) with the following primers: 5 ′ -ATTATCTTTGTGGGTTTAGTTGTG-3 ′ and 5 ′ -TGATGCTG AACCTCTTGATATG-3 ′ . We cloned the 3-kb fragment into the pCR-Blunt II-TOPO vector (ThermoFisher Scientific), followed by subcloning into the EcoRV and BamHI sites of the pLPBLP vector (Faix et al. 2004) . The tgrB1 WT expression construct, in which expression was driven by the native promoter, was kindly provided by S. Hirose. We replaced the wild-type allele tgrB1 AX4 with the mutated alleles tgrB1 G275D and tgrB1 G307D by cutting and pasting PCR-amplified mutant tgrB1 alleles with EcoNI and AgeI.
The primers for amplifying the mutant tgrB1 alleles were 5 ′ -AAA TGGATACAAATGGAG-3 ′ and 5
′ -TTACAGTCATATTCTTAACA CC-3 ′ .
Phenotyping
To group the Dictyostelium strains based on their developmental morphology, we developed individual strains on a 1.5% nonnutrient KK2 agar containing 500 µL/mL streptomycin. We took pictures of the developmental morphology from above under a stereomicroscope at seven time points (8, 10, 12, 16, 20, 24 , and 36 h). We scored the morphology at each time point based on the predominant developmental structures. The scores for individual structures were 1 for ripples, 2 for streaming, 3 for loose aggregates, 4 for tight aggregates, 5 for tipped mounds, 6 for slugs and fingers, 7 for Mexican hats, 8 for early culmination, 9 for mid-culmination, and 10 for fruiting bodies. We calculated the pairwise distances between the strains by aligning the time series with the dynamic time warping (DTW) algorithm (Sakoe and Chiba 1978) , while computing the distance between the two morphological states as the absolute difference between the scores for their corresponding predominant structures. The time-shift penalty for DTW was set to 0.2. In addition to morphology, we quantified the sorus size of individual strains after growth and development on SM plates in association with Klebsiella aerogenes, but this information was not included in the distance calculation. To measure sporulation efficiency, we developed a known number of cells for 48 h, collected spores, and counted them with phase contrast microscopy. Sporulation efficiency was calculated as the fraction (%) of cells that became spores.
Data access
The whole-genome sequence data from this study have been submitted to the NCBI Sequence Read Archive (SRA; http://www.ncbi. nlm.nih.gov/sra/) under accession number SRP073746.
